Background
==========

Parkinson disease (PD) affects the motor system of about several million patients globally \[[@b1-medscimonit-23-2684],[@b2-medscimonit-23-2684]\], and is much more common in the elderly population \[[@b2-medscimonit-23-2684]\]. In 1990, PD led to 44,000 deaths, which increased to 103,000 deaths in 2013, worldwide \[[@b3-medscimonit-23-2684]\].

The primary pathology of PD is dopaminergic (DA) neuron loss in the area of the substantia nigra (SN) \[[@b4-medscimonit-23-2684],[@b5-medscimonit-23-2684]\]. Studies have demonstrated that inflammation participates in the process of DA neuron degeneration \[[@b6-medscimonit-23-2684],[@b7-medscimonit-23-2684]\].

TNF-α, IL-1β, and nitric oxide (NO), which are from either neuronal nitric oxide synthase (nNOS) or inducible nitric oxide synthase (iNOS), represent three pivotal harmful inflammatory mediators \[[@b8-medscimonit-23-2684],[@b9-medscimonit-23-2684]\]. Furthermore, TNF-α and IL-1β were found to deteriorate injury of the DA neuron, which was generated by NO \[[@b10-medscimonit-23-2684]\], thus generating chronic inflammation. This maintained inflammation may further deteriorate PD. Phosphatidyl inositol 3-kinase (PI3K)/protein kinase B (Akt)/NF-κB signaling pathways were found to be activated in PD, thus upregulating levels of TNF-α/IL-β \[[@b11-medscimonit-23-2684]\]. Nuclear factor (erythroid-derived 2)-like 2 (Nrf2)/antioxidant responsive element (ARE) signaling pathway has also been demonstrated to be inactivated to provide harmful effects on experimental models of neurological diseases \[[@b12-medscimonit-23-2684]\].

Resolvins are compounds synthesized by the human body from omega-3 fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) \[[@b13-medscimonit-23-2684]\]. There are three kinds of resolvins, i.e., RvE that comes from EPA, RvD which is derived from DHA, and aspirin-triggered RvD (AT-RvD) \[[@b14-medscimonit-23-2684]\]. RvD1 has been reported to play a therapeutic role in reduction of inflammatory pain \[[@b15-medscimonit-23-2684]\]. Meanwhile, RvD1 attenuates lipopolysaccharide (LPS)-induced lung inflammation through peroxisome proliferator-activated receptor gamma (PPARγ)/nuclear factor-kappa B (NF-κB) pathway \[[@b16-medscimonit-23-2684]\]. Whereas, it is unclear whether RvD1 inhibits PD progression via suppressing inflammation.

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is an environmental toxin that specifically damages DA neurons, brings about symptoms which are similar to PD in humans, clinically \[[@b17-medscimonit-23-2684],[@b18-medscimonit-23-2684]\]. Therefore, MPTP and MPP+ (metabolite of MPTP) are commonly applied to obtain PD models \[[@b18-medscimonit-23-2684],[@b19-medscimonit-23-2684]\]. Our current study aimed to investigate whether RvD1 protects PC12 cells from MPP+-induced PD *in vitro,* for providing a neuroprotective agents for PD.

Material and Methods
====================

Cell culture
------------

PC12 cells were incubated in RPMI-1640 (Invitrogen, USA), inactivated in 10% horse serum (Invitrogen, USA) and 5% fetal calf serum (Invitrogen, USA) in the incubator with 5% CO~2~ at the temperature of 37°C. PC12 cells were prompted to differentiate on collagen-treated plates via 100 ng/mL nerve growth factor (NGF) for about nine days. At 24 hours before the experiments, PC12 cells were rinsed with RPMI-1640 that contained 1% fetal bovine serum (FBS).

The *in vitro* PD model was established by treatment of PC12 cells with 250 μM MPP+ for approximately 24 hours. Different concentrations of RvD1 (50, 100, 200 nM) were administrated two hours prior to MPP+ treatment, afterwards, PC12 cells were used for following experiments.

Flow cytometry assay
--------------------

Cell apoptosis was assessed by FITC apoptosis detection kit (Oncogene Research Products, San Diego, CA, USA) in accordance with manufacturer's instructions. Samples were analyzed by a flow cytometry apparatus (Becton Dickinson FACSVantage SE, San Jose, CA, USA). Dual analysis was adopted while necrotic cells were PI-positive, early apoptotic cells were annexin V-FITC-positive, and cells at late apoptosis stage were positive for annexin V-FITC/PI. Cells that stained with neither annexin V-FITC nor PI were classified as live cells. The majority of live cells fell into the FITC/PI negative area which indicated the gating strategy was correct in current study. Cell numbers in each category are presented.

MTT assay
---------

Cell viability was assessed by MTT; 200 μL cells at the concentration of 1×10^4^/mL were incubated in 96-well plates. After incubation for about 24 hours, 20 μL MTT solution (at the concentration of 5 mg/mL) was added into each well and the plate was further incubated at 37°C for four hours. Then the wells were washed with PBS, and 150 μL DMSO was added. The microtiter plate was placed on a shaker to thoroughly dissolve the dye. Absorbance at 450 nm was read using a Bio-Rad iMark plate reader.

ELISA
-----

Supernatant culture medium in different groups were collected and applied to evaluate the degree of PC12 cellular damage via LDH detection kit (Promega) according to manufacturer's instruction. Absorbance at 492 nm was read.

RT-QPCR
-------

RNA was transcribed into cDNA by reverse transcriptase according to manufacturer's instructions (Takara). RT-QPCR reactions were: 2 μL cDNA, 5 μL mixture (Bio-Rad, Hercules, CA), 0.5 μL forward/reverse primer, and 2 μL nanopure water. Conditions for amplification were: denaturation at 95 °C for 10 seconds, extension at the 60 °C for 60 seconds, the process lasted for 40 cycles. Data were conducted in replicates. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) acted as the corresponding control. The primers were:

1.  TNF-α,

2.  forward: 5′GACCCTCACACTCAGATCATCT-T-3′,

3.  reverse, 5′-CCACTTGGTGGTTTGCTACGA-3′; IL-6,

4.  forward: 5′-GAGGATACCACTCCCAACAGACC-3′,

5.  reverse, 5′-AAGTGCATCATCGTTGTTCATACA-3′;

6.  GAPDH,

7.  forward: 5′-ATGTGTCCGTCGTGGATCTGA-3′,

8.  reverse: 5′-ATGCCTGCTTCACCACCTTCT-3′.

Western blot (WB)
-----------------

To identify protein levels of GAPDH (37kD), ERK (42/44kD)/p-ERK (42/44kD)/JNK (46/54kD)/p-JNK (46/54kD)/P38 (38kD)/p-P38 (43kD) MAPK, NF-κB p50 (50kD), and TNF-α (17kD)/IL-6 (18.5kD), cell lysates were analyzed. Briefly, samples were washed with PBS and treated with RIPA lysis buffer (Roche, China), separated with sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and electro-transferred onto polyvinylidene fluoride (PVDF) membranes. Membranes were blocked with 5% bovine serum albumin (BSA) at room temperature for about one hour, and incubated with primary antibody at 4°C for about 10 hours. Thereafter, PVDF membranes were incubated with the secondary antibody at room temperature for approximately one hour. GAPDH performed as a control.

Statistical analysis
--------------------

Differences among groups were tested with two-way analysis of variance (ANOVA) with the following Bonferroni post hoc tests; *p*\<0.05 indicates significant difference.

Results
=======

RvD1 attenuates MPP+ induced PC12 cell apoptosis
------------------------------------------------

FITC was applied to detect cell apoptosis in different groups, results demonstrated that compared with the control group ([Figure 1A](#f1-medscimonit-23-2684){ref-type="fig"}), MPP+ significantly induced PC12 cell apoptosis ([Figure 1B](#f1-medscimonit-23-2684){ref-type="fig"}), which was rescued by RvD1 (50, 100, and 200 nM) ([Figure 1C--1E](#f1-medscimonit-23-2684){ref-type="fig"}). Only RvD1 (100 and 200 nM) showed remarkable effects as shown in [Figure 1F](#f1-medscimonit-23-2684){ref-type="fig"}.

RvD1 rescues MPP+ induced downregulation of PC12 cell viability
---------------------------------------------------------------

MTT assay was carried out to identify cell viability in different groups. Results showed that MPP+ seriously downregulated PC12 cell viability when compared with the control group, which was significantly rescued by (50, 100, and 200 nM). Only RvD1 (100 and 200 nM) showed remarkable effects ([Figure 2](#f2-medscimonit-23-2684){ref-type="fig"}).

RvD1 attenuates MPP+ induced PC12 cellular damage
-------------------------------------------------

LDH level in the supernatant culture medium was assessed by ELISA to reflect the degree of PC12 cellular damage in different groups. Results showed that there was a higher LDH level in the MPP+ treated group than the control group, moreover, when PC12 cells were co-administrated with MPP+ and RvD1, results revealed that RvD1 (50, 100, and 200 nM) dose-dependently lowered MPP+ induced upregulation of LDH ([Figure 3](#f3-medscimonit-23-2684){ref-type="fig"}).

RvD1 attenuates MPP+ induced upregulation of mRNA levels of TNF-α in PC12 cells
-------------------------------------------------------------------------------

Transcription levels of inflammatory factors including TNF-α and IL-6 were tested by RT-QPCR. Results showed that, in comparison with the control, PC12 cells that were treated with MPP+ synthesized more inflammatory cytokines, including TNF-α and IL-6; and RvD1 (200 nM) inhibited elevation of TNF-α ([Figure 4A](#f4-medscimonit-23-2684){ref-type="fig"}) but not IL-6 ([Figure 4B](#f4-medscimonit-23-2684){ref-type="fig"}).

RvD1 attenuates MPP+ induced upregulation of protein levels of TNF-α in PC12 cells
----------------------------------------------------------------------------------

Meanwhile, we tested the protein levels of TNF-α and IL-6 by WB. Results were consistent with that of RT-QPCR ([Figure 5](#f5-medscimonit-23-2684){ref-type="fig"}). Expression levels of TNF-α and IL-6 are shown in [Figure 5A](#f5-medscimonit-23-2684){ref-type="fig"}. RvD1 (100 and 200 nM) significantly inhibited MPP+ induced elevation of TNF-α ([Figure 5B](#f5-medscimonit-23-2684){ref-type="fig"}), but RvD1 showed no significant influence effect on IL-6 levels ([Figure 5C](#f5-medscimonit-23-2684){ref-type="fig"}).

RvD1 attenuates MPP+ induced upregulation of p-P38/p-ERK in PC12 cells
----------------------------------------------------------------------

Protein levels of p-JNK/ERK/P38 in different groups were evaluated by WB ([Figure 6](#f6-medscimonit-23-2684){ref-type="fig"}). Results revealed that in the MPP+ groups, all of them were higher than the control group ([Figure 6A](#f6-medscimonit-23-2684){ref-type="fig"}). And RvD1 inhibited elevation of p-P38 and p-ERK ([Figure 6C, 6D](#f6-medscimonit-23-2684){ref-type="fig"}) but not p-JNK ([Figure 6B](#f6-medscimonit-23-2684){ref-type="fig"}).

RvD1 attenuates MPP+ induced upregulation of NF-κB p50 in PC12 cells
--------------------------------------------------------------------

Protein levels of NF-κB p50 in the different groups were evaluated by WB ([Figure 7](#f7-medscimonit-23-2684){ref-type="fig"}). Results showed that in the MPP+ groups, NF-κB p50 was higher than in the control group ([Figure 7A](#f7-medscimonit-23-2684){ref-type="fig"}) which was inhibited by RvD1 administration. The statistical data are presented in [Figure 7B](#f7-medscimonit-23-2684){ref-type="fig"}.

Discussion
==========

In the present study, RvD1 was discovered to dose-dependently inhibit MPP+ induced upregulation of PC12 cell apoptosis/cellular damage/TNF-α/IL-6 and p-P38/p-ERK as well as downregulation of PC12 cell viability. We can draw the conclusion that RvD1 ameliorated PD by repressing inflammation, and provided new possible therapeutic targets for PD.

PC12 cells exhibited physiological properties and similar characteristics to DA neurons, consequently, they were adopted to establish MPP+-induced cellular model of PD \[[@b20-medscimonit-23-2684],[@b21-medscimonit-23-2684]\].

Cell apoptosis in different groups was detected by flow cytometry assay. In MPP+ treated group, there was about 50% PC12 cell apoptosis, which was higher than the control group. This result is in agreement with previous studies \[[@b19-medscimonit-23-2684],[@b22-medscimonit-23-2684]\]. Moreover, RvD1 (50, 100, and 200 nM) rescued MPP+-induced upregulation of PC12 cell apoptosis; and only higher doses of RvD1 (100 and 200 nM) showed remarkable effects. Meanwhile, we carried out MTT assays to identify the effects of RvD1 on cell viability in different groups. Compared with the control group, MPP+ seriously downregulated PC12 cell viability, which was notably rescued by RvD1 (100 and 200 nM). These results were consistent with a previous study \[[@b23-medscimonit-23-2684]\]. Taken together, we could hypothesize that RvD1 played a protective role on MPP+-induced damage to PC12 cells. It was unknown whether RvD1 showed effective effects depending on molecules that were correlated with the aforementioned results.

LDH is an enzyme found in nearly all living cells, including animals, plants and prokaryotes. Comparison of LDH value with normal range helps guide diagnosis. Broken tissue releases LDH, which can be measured as a surrogate for tissue breakdown. Released LDH by PC12 cells was collected from the supernatant culture medium and assessed by ELISA to assess cell damage. Higher LDH level was detected in the MPP+ group compared to the control group. Furthermore, when PC12 cells were co-treated with MPP+ and RvD1, RvD1 (50, 100, and 200 nM) dose-dependently lower MPP+ induced upregulation of LDH.

Dying neurons can trigger elevated expression/release of immunological participants \[[@b24-medscimonit-23-2684]\]. These include IL-1β, IL-6, and TNF-α \[[@b24-medscimonit-23-2684],[@b25-medscimonit-23-2684]\]. RT-QPCR results showed that, in comparison with the control, PC12 cells that were treated with MPP+ synthesized more inflammatory cytokines, including TNF-α and IL-6. RvD1 (100 and 200 nM) inhibited elevation of TNF-α but not IL-6. Meanwhile, their protein level changes were consistent with that of mRNA.

Major regulators of this response involve tyrosine kinase, PI3K/Akt, and MAPK signaling pathways such as JNK, ERK1/2, and p38 MAPK \[[@b26-medscimonit-23-2684],[@b27-medscimonit-23-2684]\]. Moreover, MAPKs could be stimulated by cytokines or inflammatory factors, and induced gene transcription via phosphorylating NF-κB \[[@b28-medscimonit-23-2684]\]. There are multiple forms of NF-κB, and the most common form is heterodimer p50/p65, which is tightly correlated with the transcription of TNF-α and IL-6 \[[@b29-medscimonit-23-2684]\]. Therefore, protein levels of p-JNK/ERK/P38/NF-κB p50 in different groups were evaluated by WB in our current study to identify whether MAPKs were correlated with the protective effects of RvD1. Results revealed that in the MPP+ groups, all were higher than the control group. And RvD1 (100 and 200 nM) inhibited elevation of p-P38/p-ERK/NF-κB p50 protein levels.

Taken together, our current study demonstrated that RvD1 attenuated PD via inhibiting activation of p-P38/p-ERK1/2/NF-κB signaling pathway, and the synthesis of TNF-α and IL-6.

There remain two questions unresolved. 1) As acknowledged, p-ERK1/2 is required for cell survival, growth, and proliferation. In our current study, we observed increased p-ERK1/2 in PC12 cells following MPP treatment; however, this is contrary to the results from the cell viability assay. Thus, there might be other unknown signaling pathways that took part in the process. RvD1 has been reported to attenuate LPS-induced acute lung injury by interacting with PPARγ pathway in mice \[[@b16-medscimonit-23-2684]\]. RvD1 was also found to inhibit TGF-β1-induced epithelial mesenchymal transition in A549 cells by virtue of lipoxin A4 receptor/formyl peptide receptor 2 and GPR32 \[[@b30-medscimonit-23-2684]\]. It is unknown whether the aforementioned molecules were regulated by RvD1 in PC12 cells. 2) It is unknown whether RvD1 can rescue MPP induced PC12 cell death in the presence of TNF-α. We will test this in future work.

Conclusions
===========

RvD1 attenuates PD via inhibiting inflammation; and provides a possible therapeutic method for PD.
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